Introduction
The possibility of building a ring of superconducting magnets was considered very early in the design of the Fermilab main accelerator. It was concluded that the technology of superconducting magnets was not at that time, sufficiently advanced. Therefore, the main ring was designed and built with conventional magnets. However, space was left in the main-ring tunnel for a future ring of superconducting magnets.
The Energy Doubler/Saver (ED/S) was initiated in 1972 as a project to build a ring of superconducting magnets with the objective of dramatically increasing the research potential of the Fermilab accelerators. This was to be accomplished at a moderate cost and in such a manner as to make possible a significant saving of electrical energy. The proximity of two accelerated beams in thesame tunnel makes the prospect of colliding these beams an obviously attractive possibility. To accomplish this it must be made possible to operate either ring in either direction. Provision for reversing the beam in the main ring is being provided at the present time so that this feature can be utilized as soon as circulating beam is available in the Doubler for collision with protons in the main ring. Projects necessary to accomplish this goal include: a second extraction system from the booster; a beam transport system leading to a new injection point in the main ring and a second injection system into the main ring. Figure 1 Once the second phase of the ED/S is completed, the ED/S ring can be filled and the beam accelerated to any energy up to 1000 GeV where it can be stored and again interacted with the beam in the main ring at energies consistent with the operation of the main ring as a storage accelerator. These possibilities for colliding-beam experiments increase the available energy in the center-of-mass for interactions under study to more than 1000 GeV rather than the 30 GeV in center-of-mass which is the limit which can be observed with fixed targets in the existing accelerator.
After completion of proton cooling studies and provision of p production facilities, the followingprogram can be pursued:
A.
Complete p storage and cooling ring.
B. Commission p acceleration system.
C.
Interact 1000-GeV p with 1000 GeV p in ED/S.
Status of the Energy Doubler/Saver
Receptly the exciting prospects for accumulation, cooling, and acceleration of anti-protons has been under consideration due to the success of the recent experiments on cooling of protons by electrons done ty Budker et al, at Novosibirsk. To develop the capability for this program, experiments are currently being,planned to study the cooling of protons in an experimental ring being assembled at Fermilab. Details of this experiment are presented in paper M-5 of this conference.
Successful completion of the proton-cooling experiments would result in the need for providing an anti-proton production system which would utilize 80-GeV protons from the main accelerator to generate 6 to 8 GeV p's. A beam-transport system would be provided to collect and transport the p's into the booster accelerator. Once injected into the booster the p's would be decelerated to an energy where the p's can be extracted and injected into an electron cooling ring. These particles would be stacked for many main-ring accelerator pulses and stored until a sufficIwpnt number of p's are avialable to re-inject them into the booster for acceleration into the main ring and subsequent acceleration in the ED/S. Since the p's are the apti-particles of the proton, both can be concurrently accelerated and stored in the ED/S. This possibility increases the potential for center-of-mass energies to as high as 2000 GeV.
The previously mentioned funding request for completion of the ED/S also provides for upgrading of all primary beam-transport systems and experimental areas to 1000 GeV. This allows fixed-target experiments to be conducted in all existing experimental facilities currently being used at Fermilab. Study, design, and experimentation with existing equipment needed to reverse the main ring and improve its vacuum are presently being pursued. This will be followed by accelerator experiments leading to the acceleration of protons in the reverse direction and the use of the main ring as a storage ring.
To review the ED/S program as it now is visulized, the following objectives can be identified:
1)
Complete the R&D phase; a) install and commission the ring of superconducting magnets and supporting equipment. b) achieve and store coasting beam at 100 GeV.
2)
Interact stored beam in ED/S with main-ring beam.
3)
Slowly accelerate the stored protons in the ED/S and interact high energy (i.e. l5000 GeVO protons from ED/S with protons in main ring.
4)
Complete construction phase of ED/S.
5)
Accelerate protons in ED/S as an energy saver.
6)
Commission experimental areas as 1000-GeV fixed target experimental areas.
Most of the development activity has been concentrated on the superconducting dipole magnets since they are considered to be the most demanding of the various component designs and the most difficult to execute. In the Proceedings of the 1976 Applied Superconductivity Conference, a paper was presented by W. B. Fowler, which detailed the development progress of the Energy Doubler dipoles. In this paper the results of those activities will be summarized. Figure 3 is a cross sectional drawing of the ED/S dipole. In January of 1976, a full-scale 22-foot-long magnet program was started in parallel to the one-foot program, for the purposes of determining: a) that the characteristics of coils observed in the one-foot program could be realized in full-length coils; b) that the coil assemblies could be built using techniques developed in the one-foot program; and c) that by assembling these full-length coil assemblies into cryostats all of the design characteristics of the cryostats can be measured under forced-flow-liquid helium conditions. Figure A key test of the operation of the Energy Doubler magnet system and its associated protective circuits using multiple magnets connected in series as shown in Fig. 6 , has been set up in a small building adjacent to the main-ring enclosure. These tests will be described in detail by Peter Limon et al, in paper F-5 in this session of this conference. Since they will describe the experiment and results in detail it will not bediscussed further, other than to say that the results are very encouraging. A.
The one-foot model program results can be directly extrapolated to 22-foot magnets.
B.
The cryostats have demonstrated a static heat load to 4.5°K of an average of 8 watts. This load is within the tolerance allowed for in the refrigeration design.
C. AC losses of the magnets at the design duty cycle average about 500 joules per cycle. Although this is within the allowed refrigeration tolerance, further reduction is desirable and is being pursued.
The testing of each 22-foot coil assembly has shown that a number of additional conclusions can be drawn. The magnet coil assemblies are first tested in a vertical dewar without iron. In this testing the coil assembly is trained through a series of spontaneous quenches to a current in the magnet coil which is near the short-sample limit at the high-field point in the coil. Complete training of the magnet coil assembly is accomplished nominally in about 15 quenches in the vertical dewar tests. After having been installed in their dewars with iron, additional tests of the same magnet coils have shown that a magnet which reaches 4600 amps or more in the vertical dewar tests will reach at least the 42.3 kG required to accelerate to 1000 GeV. Further, no spontaneous quenches below 40 kG have been experienced in the completed magnets. The coil training history indicates that if our experience so far with testing of completed magnet assemblies is repeated on all of the coil assemblies each coil would be expected to go to Controls and instrumentation for this experiment are incorporated into the existing accelerator computer control system. Thus it is serving as a prototype for incorporating the ED/S into the accelerator control and monitoring system as well as introducing the accelerator operators to the ED/S needs. Figure 7 is a cross-section drawing of a quadrupole magnet. These magnets are to be made of superconducting cable identical to that used in the dipoles, and are to be connected in series electrically with the dipoles. The first quadrupole coils are wound and will be assembled and tested in the near future. The quadrupoles will be mounted in a cryostat which will be common to that housing the correction elements. The correction elements have been described in a paper by Collins and Edwards which determines the conductor distribution and field strengths required. Detail design work on the correction packages will begin in the near future.
Quadrupole Magnets and Correction Elements

Refrigeration
The refrigeration equipment for the ED/S consists of a central helium liquefier which supplies liquid he- Fig. 7 . Quadrupole cross-sectional drawing. lium at the rate of 100 liters per hour to each of 24 satellite helium refrigerators distributed at each service building around the main ring. Each satellite system consists of compressors, a cold box with the associated heat exchangers, and expansion engines which produce a total refrigeration capability of 700 W at 4.5°K. Details of the fabrication and tests of the prototype satellite are described by Rode, et al, in paper D-8 of this conference.
In the research and development phase of the Doubler, 12 of the satellite refrigerators will be required since only refrigeration for coasting beam or beam which is accelerated very slowly will be required.
The construction of the central helium liquefier has begun. The building is complete; foundations for the compressors are installed; the compressors are currently being re-worked in local industry for helium service. The compressors and their associated 4000-hp motors were received as surplus Government equipment from an Air Force liquid oxygen plant in California. Theair coolers for exchanging the heat generated in the system to the outside air were also received from this surplus facility. The helium cold box with associated heat exchangers and turbo-expanders are being fabricated by Cryogenics Technology, Inc., of Waltham, Massachusetts. It is anticipated that this system will be ready for commissioning this fall.
Before the concept of the central helium liquefier had been established by the availability of the surplus Government property, a 1500-watt commerical helium refrigerator was purchased from industry. This refrigerator is soon to be delivered. It will be initially installed for production testing of magnets. A potential capability for complete testing of three magnets per day is expected, using this refrigerator as a source of cooling.
Installation Plans
Three programs utilizing ED/S magnets are underway or are being planned for early installation in the tunnel.
Three dipole magnets have already been installed in one service building access point to be used as the installation prototype for accessing the main-ring tunnel with refrigeration lines, the power connections, leads to the correction elements and P-l1 other ancillary components required to bring the various section of the ED/S magnets together.
A string of four dipole magnets will be installed in the main ring straight section at service building BO to study the effects of circulating beam through the aperture of these full-length superconducting magnets under dc-field and ramp-field conditions. It is hoped that this installation can be completed by the scheduled shutdown which will occur approximately the first of September.
A subsequent installation will complete a full magnet string, that is 1/24 of the total ring. This string can be cooled by one satellite refrigerator and operated as an independent module for test purposes, As soon as possible thereafter, the other three strings required to complete one sector will be installed. This could allow beam to be extracted from the main ring in one straight section and transported through the one sector as a bypass re-entering the main ring one sector later.
Resume
Research activities on ED/S dipole coils has resulted in production of full-scale coil assemblies which have predictable magnetic and electrical characteristics. Six of these coil assemblies have been tested in cryostats with iron. The static heat loads of the cryostats measured are within the allowances for the design of the refrigeration system. Initial measurements of a modified cryostat which is designed for an 80°K shield indicate that the static heat load may be reduced by as much as 40%. The dynamic ac loss refrigeration load of the complete magnets has been measured and is also within the allowable range. Tests of reducing the ac losses are in progress. The central helium liquefier is being built and the prototype satellite refrigerator has been tested. These tests demonstrate that the prototype has met or exceeded all design performance criteria. Fabrication of the first prototype quadrupole is underway.
